The design of proteins with predetermined structural properties is a necessary first step in the de novo design of novel enzymes and receptors. A major problem associated with the design of proteins is the high flexibility inherent in polypeptide chains. It has been estimated that a protein of 100 residues can adopt up to 101~176 different conformations, a number that is as large as the number of atoms in the universe (Creighton 1984) ! The mechanism by which a protein adopts a relatively well-defined set of conformations out of such a large number of possibilities is only beginning to be understood, and it is not possible to predict the threedimensional structure of a protein from its amino acid sequence.
Recently, the protein folding problem has been rephrased in light of the ease with which one can now prepare proteins of virtually any amino acid sequence (Drexler 1981; Pabo 1983 ). If it is not possible to predict the three-dimensional structure of a protein from its sequence, might it not be possible to do just the inverse? Could one begin with a reasonable threedimensional structure and then design a peptide sequence that would fold into this structure? We think that this should be possible if a design is chosen that is relatively simple and rich in secondary structural elements. The design of protein secondary structures has become fairly straightforward. It has long been known that certain amino acids have clear-cut preferences for adopting a given secondary structure (Chou and Fasman 1978) , and more recent studies with synthetic peptides have shown the importance of hydrophobic periodicity (Eisenberg et al. 1984; DeGrado and Lear 1985) and electrostatic interactions (Shoemaker et al. 1987) in determining the stability of a helices and/3 sheets. Thus, it is now routinely possible to design peptides that incorporate single secondary structural units (Kaiser and Kezdy 1984; O'Neil et al. 1987) . A logical next step would be to design secondary structures that can pack together to form a globular protein with a predetermined three-dimensional structure. In this paper, we will describe our progress along these lines toward the design of a synthetic four-helix bundle protein.
Our designed protein (Eisenberg et al. 1986; Ho and DeGrado 1987) is an idealized version (Fig. 1 ) of a class of proteins that includes myohemerythrin, apoferittin, tobacco mosaic virus coat protein, and cytochrome c' (Weber and Salemme 1980) . These proteins contain a common four-helix bundle structural motif that is comprised of four helices connected by three loops. The helices in the bundle are nearly anCold Spring Harbor Symposia on Quantitative Biology, Volume LII. commodate binuctear iron in myohemerythrin or a heme in cytochrome c'. The formation of cavities near the end of the bundles appears to be quite a general attribute of this folding pattern (Weber and Salemme 1980) , making this motif an attractive target for understanding protein folding as well as for the eventual design of synthetic binding sites. In our approach to the design of a four-helix bundle, we decided to first make a fairly short bundle in which the helices were too short to diverge very far from one another. At a later date we intend to extend the helices from one side of the bundle to form a cavity that could be lined with appropriate side chains for binding and catalysis.
Chothia and co-workers (Chothia et al. 1977; Chothia 1984) have proposed a very simple hypothesis to account for the observed geometry of the helical packing in four-helix bundles as well as the stability of these structures. They observed a regularity in the packing of the side chains that comprise the solvent inaccessible core of four-helix bundles. Residues at positions i -4, i, and i + 4 appear to form a ridge that packs against residues at positions k-3, k, and k + 3 on a neighboring helix. This defines the packing angle between neighboring helices and allows tight packing of the apolar side chains, thereby driving the folding process. Electrostatic interactions between helical macrodipoles (Sheridan et al. 1982) are also thought to contribute to the stability of the structure. Finally, the loops between the helices probably serve to stabilize the structure.
In our design of a four-helix bundle protein (Eisenberg et al. 1986; Ho and DeGrado 1987) , we idealized the pseudo 2,2,2 symmetry that is found in the structures of natural four-helix bundle proteins (Weber and Salemme 1980) . This provided two distinct advantages over other approaches to protein design (Moser et al. 1983; B.W. Erickson et al., pers. comm.) . First, the modeling was significantly simplified; rather than designing an entire protein, it was only necessary to design a single helix, which, upon application of a 2,2,2 symmetry operator, would adopt a structure with a tightly packed interior. Second, the design of the protein could be approached in the iterative, experimental manner described in Figure 1 . The first step of this approach involved the evaluation of single helices that self-assemble into homotetramers. The free energy for the self-assembly process could be conveniently monitored from the monomer-to-tetramer equilibrium constant. Evaluation of several different designs allowed optimization of the helical sequence. In the next step of the project, loops were inserted between two identical helical sequences in an attempt to prepare a helical hairpin that would assemble into a four-helix bundle, as shown in Figure lb . Finally, the entire sequence for the four-helix bundle was prepared by connecting four identical helices with three identical loops,
Methods and Experimental Procedures
The synthesis and characterization of peptides 1-4 were reported previously (Eisenberg et al. 1986; Ho and DeGrado 1987) . DNA oligonucleotides were synthesized on an Applied Biosystems DNA synthesizer and on a Coder 300 (du Pont) DNA synthesizer. The oligonucleotides were purified by excision and elution from denaturing polyacrylamide gels (Maniatis et at. 1982) followed by C18 (Sep-Pac, Waters) chromatography. Restriction enzymes and DNA-modifying enzymes were purchased from New England Biolabs, Bethesda Research Laboratories, and Pharmacia. They were used according to the manufacturers' specifications. Escherichia coli protein extraction and Western blot analyses were performed as described previously (Burnette 1981; Regan et al. 1986 ).
Results
Design of the helical sequence. The design of the helical sequence was first accomplished using physical models (Eisenberg et al. 1986; Ho and DeGrado 1987) . Models of four 16-residue helices were arranged so that their side chains could interact in a manner similar to that described by Chothia (1984) for a four-helix bundle. Leu side chains were placed at positions that project into the interior of the structure, and Glu and Lys side chains were placed at positions projecting toward the exterior of the structure. All three of these residues are known to strongly favor helix formation (Chou and Fasman 1978) . In addition, glycine residues were placed at the amino and carboxyl termini of the structure to help break the helix and also to help induce the formation of a turn when the loops were added at a later stage. The resulting structure, peptide 1, was synthesized by the Merrifield solid phase method. A fragment comprising the 12 carboxy-terminal residues of peptide 1 was also isolated during the purification. This peptide (la) was found to form tetramers in aqueous solution (Eisenberg et al. 1986) . A subsequent analysis (Ho and DeGrado 1987) of a model of peptide 1 suggested that its sequence could be improved. In models, the Leu residue at position 11 appeared to be excessively exposed to solvent, and the Glu residue at position 13 was partially buried. Consequently, Leu was changed to Lys at position 11 and Glu was changed to Leu at position 13. In addition, it appeared likely that the Lys at position 2 of peptide 1 and the acarboxylate at the carboxyl terminus might interact unfavorably with the helical macrodipole. Therefore, these were converted to a Glu and an a-carboxamide, respectively. The resulting peptide (2) should form a more stable tetramer if the model is correct.
The assembly of the above peptides into tetramers could be assessed by circular dichroism (CD) spectroscopy. In very dilute aqueous solution the peptides are monomers and show low helicity. In concentrated solutions, they form tetramers in which the peptides form helices that are stabilized by long-range interactions between the apolar side chains. These conformational changes are reflected in the CD spectra of the peptides. The concentration dependence of the spectra are extremely well described by a simple monomer-totetramer equilibrium (Fig. 2) . Analysis of these curves provides three useful parameters: the stability of the tetramers (RT In Kd~s ) and the approximate helical contents of the monomeric and tetrameric forms of the peptides (Table 1) . Peptide 2 was found to form such stable tetramers that it was necessary to measure the monomer-to-tetramer equilibrium at various guanidine hydrochloride concentrations and then extrapolate the values of these parameters to zero guanidine concentration.
The helical content of the monomeric form depended markedly on the peptide chain length; the 12-residue peptide la was approximately 15% helical as a monomer, whereas the 16-residue peptides 1 and 2 were approximately 30% helical. The helical content for the tetrameric form of all three of these peptides was approximately 70%. The stabilities of the tetramers depended both on chain length and sequence and were in accord with the predictions based on computer modeling; peptide la was the least stable, followed by peptide 1, with peptide 2 being the most stable. The tetramer of peptide 2 was stabilized by approximately 20 kcal/mol. This large value shows that the sequence of peptide 2 is well designed for forming helical tetramers.
The design of a helical hairpin. We next attempted to design a hairpin loop that would connect two molecules of peptide 2 in a head-to-tail manner. Examination of models of tetramers of peptide 2 suggested that the ends could be joined by a single Pro if the helices were slightly unwound. Thus, peptide 3, which contains two copies of peptide 2 connected by a single Pro residue, was synthesized. Size exclusion chromatography of this peptide indicated that it was forming trimers rather than the desired dimer of helical hairpins. Operating under the assumption that the trimer formed by peptide 3 had a conformation similar to that illustrated in Figure 3 , we proceeded to introduce substitutions that should destabilize the trimeric conformer with respect to the desired dimeric conformer. Two Arg residues were therefore inserted directly after the Pro with the expectation that this should electrostatically destabilize the trimer. Now, if a trimer were to form, the Arg residues from neighboring peptides would be buried together near the center of the trimer structure, thus resulting in unfavorable electrostatic interactions. Indeed, peptide 4 (Table 1) appeared to form dimers rather than trimers, as assessed by size exclusion chromatography. In addition, the concentration dependence of the CD spectra for this peptide indicated that peptide 4 was in a monomer-todimer equilibrium.
Peptide 4 has been substantially stabilized toward guanidine hydrochloride denaturation as compared to peptide 2. At approximately equal peptide concentrations, about twice as much guanidine hydrochloride is required to unfold peptide 4 as is required to unfold peptide 2 (Fig. 4) . This success notwithstanding, a detailed analysis of the thermodynamic data for peptide 4 suggests that it might be possible to further optimize the loop sequence to provide an even more stable protein. The dimers of peptide 4 are stabilized with respect to their unfolded monomers by approximately 13 kcal/mol. Comparison of this number with that for the tetramers of peptide 2 indicates that the loop sequence could be substantially improved (Ho and DeGrado 1987) . Data taken from Ho and DeGrado (1987) . 1Monomer-tetramer equilibria. 2Monomer-dimer equilibrium.
at the NcoI and Nrul sites, using standard techniques (Maniatis et al. 1982) . This resulted in plasmid pa4-1 in which peptide 5 is expressed from the inducible tac promoter (De Boer et al. 1983) . (See Fig. 5 .) The gene was designed such that unique restriction sites were introduced at conveniently spaced locations near the end of the helices. This should facilitate the introduction of future changes into peptide 5 by "cassette" mutagenesis (Richards 1986 ). Restriction analysis confirmed that all sites were indeed present in the synthetic gene. Expression of peptide 5 in E. coli was detected using polyclonal antibodies generated against peptide 4. Western blot analysis (Burnette 1981 ) of protein extracts from strains containing the synthetic gene showed that peptide 5 was produced in E. coli and that its expression was inducible by the addition of isopropyl fl-o-thiogalactopyranoside (Fig. 6 ). Further analysis revealed that the majority of peptide 5 is present in a soluble form within the bacteria. This facilitates protein purification, which is currently in progress. Figure 3 . Diagrammatic representation of trimer formation instead of the desired dimer of helical hairpins.
%

Discussion
The folding of a protein is a complex process that includes helix formation, helix termination, helix packing, and loop formation. Few of these processes are very well understood, so that it seemed unlikely that a sequence that fulfilled each of these functions could be designed in a single step. Instead, it seemed more prudent to devise an incremental experimental approach, which would allow each aspect of folding to be dissected and optimized separately.
First, consider helix formation as evaluated by the helical contents of the monomeric forms of peptides 1, la, and 2. Helix formation by the 12-residue peptide, la, is quite unfavorable at room temperature, as it contains about 15% helix in dilute solution. Clearly, it is energetically unfavorable to fold this peptide into a helix, and this decreases the overall stability of the helical tetramers formed by this peptide. In contrast, peptides 1 and 2 show unusually high helical contents (approximately 30%) as monomers in water at room temperature. Few other peptides show this high a degree of monomolecular helix formation at room temperature (Shoemaker et al. 1987) . Stabilizing interactions that might account for this high degree of helicity include salt bridges between Glu to Lys side chains (Eisenberg et al. 1986; Ho and DeGrado 1987) and partial dehydration of the apolar side chains in the helical conformation. Also, peptides 1 and 2 both have their amino termini blocked by an acetyl group, which stabilizes helix formation (Shoemaker et al. 1987) . If one assumes that helix formation is an all-or-nothing process, then it can be calculated that helix formation by peptides 1 and 2 is only slightly unfavorable and on the order of a single kcal/mol. In any case, it appears that the sequences of peptides 1 and 2 have been well designed from the point of view of allowing helix formation to occur at a low energetic cost. Peptide 2 forms more stable tetramers than peptide 1, which indicates that the packing interactions must be more favorable for peptide 2. (Both peptides have equal helicities as monomers, which suggests that helix formation is approximately energetically equivalent for both peptides.) This is in agreement with our computer modeling, which suggests that peptide 2 should form a more stable tetramer than peptide 1. The observed free energy of tetramerization of peptide 2 is consistent with dehydration of the apolar side chains being the driving force for folding. The observed free energy corresponds to -0 . 8 to -0 . 9 kcal/(mol of Leu side chains) in reasonable agreement with the value of -1 . 2 estimated for the transfer of a Leu side chain from water to the interior of a protein (Guy 1985) .
Helix formation and loop formation appeared to be a problem in the design of peptide 3. Based on hydrodynamic measurements, it seemed likely that this peptide was forming trimers of extended rods rather than dimers of folded helical hairpins. The ease with which this problem was isolated and remedied clearly demonstrates the value of approaching the design of proteins in an iterative, experimental manner. It also illustrates an important point that must be considered in the design of new proteins. Natural proteins have evolved not only to stabilize a given, desired fold, but also to destabilize all other possible alternatives. A would-be designer of proteins must do no less if he or she is to succeed. One must try to consider all alternatives to the desired, designed fold and selectively destabilize the alternative folding pathways.
The hydrodynamic and thermodynamic data described herein provide excellent evidence to suggest that we have succeeded in designing proteins that are composed of four a helices. However, we cannot presently conclude that the helices are arranged into a four-helix bundle as illustrated in Figure 1 . An elucidation of the helical packing geometry must await the solution of the crystal structures of peptides 1-5. Crystals of peptide la have been grown and diffract to high resolution (Eisenberg et al. 1986 ).
In the near future, we hope to purify and examine the properties of the single-chain four-helix peptide 5. If it can be shown to form a four-helix bundle, we will next try to convert it to a [igand-binding protein. By extending the helices one to two turns it should be possible to create a cavity capable of binding small, apolar compounds. The loops between the helices provide a natural location for adding catalytic groupings, including metal-binding sites. The locations of the restriction sites in the gene encoding peptide 5 should facilitate these manipulations. 
